Background-Galectin-3, a beta-galactoside binding lectin involved in important regulatory roles in adhesion, inflammation, immunity, and fibrosis, may be relevant to atrial fibrillation (AF) etiology.
lowest quartile (4.4 -11.9 ng/mL), with hazard ratios (95% confidence interval) of 1.40 (1.04 -1.89) for the 90th -<95th percentile and 1.51 (1.11 -2.06) for the 95th -100th percentile. This association was attenuated and no longer statistically significant after accounting for incident CHD and HF as time dependent variables.
Conclusions-Elevated plasma galectin-3 is associated with increased risk of incident AF.
Galectin-3 may increase AF risk via pathways involving CHD and HF.
Keywords
Atrial fibrillation; Fibrosis; Galectin-3; Prospective study Atrial fibrillation (AF) is a common supraventricular tachyarrhythmia. 1 AF is associated with increased risk of cardiovascular sequelae, including heart failure, stroke, and premature mortality. 2 Despite the identification of various risk factors and advancements in the management of AF, AF incidence is on the rise and the prevalence may more than double by the year 2050. 1, 3, 4 There is, therefore, a need to identify modifiable risk factors that can help predict or offer avenues to mitigate this risk. Galectin-3, a beta-galactoside binding lectin involved in important regulatory roles in adhesion, inflammation, immunity, and fibrosis, 5, 6 may be relevant to AF pathogenesis. Inflammation and fibrosis of the myocardium may be particularly important in AF etiology. 7 Inhibition of galectin-3 has been shown to interfere with myocardial fibrogenesis, and some have suggested it might be a therapeutic target for AF. 8 Galectin-3 has been associated with atrial remodeling in AF patients 9 and outcomes after catheter ablation of atrial AF. 10, 11 Recent epidemiologic studies have shown that blood levels of galectin-3 are associated positively with incident heart failure (HF) and coronary heart disease (CHD), 6, [12] [13] [14] but to our knowledge, only 2 prospective studies of exclusively whites have tested whether galectin-3 concentrations are associated with incident AF. Both studies reported positive associations that were no longer significant after adjusting for traditional AF risk factors. 12, 15 In the largest prospective study to date, involving whites and blacks, we tested the hypothesis that plasma galectin-3 concentration is associated positively with the incidence of AF after controlling for traditional risk factors and that this association would not be explained in its entirety by the association of galectin-3 with HF and CHD. Furthermore, a genome wide association study identified a non-synonymous singlenucleotide polymorphism (SNP) (rs4644) in the galectin-3 encoding gene, LGALS3, to be strongly associated with plasma galectin-3 concentrations. 16 We, therefore, also assessed whether the rs4644 in the LGALS3 gene would be associated with AF incidence.
Methods

Study population
The Atherosclerosis Risk in Communities (ARIC) study is a prospective epidemiological study aimed at identifying the risk factors for atherosclerosis and cardiovascular diseases. Participants were recruited between 1987 and 1989 from 4 communities in the United States (Washington County, MD; the northwest suburbs of Minneapolis, MN; Jackson, MS; and Forsyth County, NC). 17 ARIC consisted of 15,792 men and women aged between 45 to 65 years who were mostly white or black. Since onset, participants have been examined 5 additional times: visit 2 (1990 -1992) , visit 3 (1993 -1995) , visit 4 (1996 -1998) , visit 5 (2011 -2013) and visit 6 (2016 -2017) . Participants are being followed by annual or semiannual telephone interviews and active surveillance of ARIC community hospitals. ARIC was approved by the institutional review board of each participating center, and all participants provided written informed consent.
This analysis involved participants who were present at ARIC visit 4. Of 11,656 visit 4 participants, we excluded those who were not white or black due to small numbers, and those with unreadable visit 4 electrocardiograms (ECGs) (n= 243). Of the remainder, we excluded those with prevalent AF (n= 297), missing galectin-3 measurement (n= 904), prevalent HF or CHD (n=1190), or missing covariates (n=586). This left 8,436 participants included in our final analysis.
Atrial fibrillation ascertainment
Incident cases of AF occurring after ARIC visit 4 (1996 -1998) until 2013 were identified through ECGs performed during follow-up visit 5, via hospital discharge records, or from death certificates. At visit 5, a 10-second 12-lead ECG was performed on participants with a GE MAC 1200 electrocardiograph (GE Medical Systems, Inc., Milwaukee, WI). ECGs were transmitted to the ARIC ECG reading center where they were coded. All readings coded as AF were reviewed by a cardiologist to confirm the diagnosis. Follow-up calls and review of local hospital discharges were used to identify and obtain information on all hospitalizations. A trained abstractor recorded all ICD-9 hospital discharge codes for the hospitalizations. An ICD-9 code of 427.31 or 427.32 was used to determine the presence of AF. Transient cases of AF occurring after cardiac surgery were excluded. That is, in an effort to limit the outcome to a consistent classification of AF, we excluded AF hospitalization diagnoses occurring simultaneously with heart revascularization surgery (ICD-9 code 36.X) or other cardiac surgery involving heart valves or septa (ICD-9 code 35.X), without evidence of AF in subsequent hospitalizations or study exams. 18 All deaths due to AF (ICD-10 code I48 or ICD-9 code 427.3) were classified as cases. The validity of this AF ascertainment has been reported to be 84% sensitive and 98% specific. 18 The incidence date of AF was defined as ARIC visit 5 ECG showing AF, the first hospital discharge with AF or atrial flutter, or death by AF, whichever occurred first.
Galectin-3 and risk factor ascertainment
Galectin-3 was measured using a chemiluminescent microparticle immunoassay on an Architect i 2000sr instrument (Abbott, Abbott Park, IL) in EDTA-plasma samples that were collected at visit 4 and had been stored at −70°C prior to analysis. The measurements were performed July 2015 -February 2016. The Architect galectin-3 assay has a limit of detection of 1.1 ng/mL and a limit of quantitation of 4.0 ng/mL. Interassay coefficients of variation were 5.2%, 3.3%, and 2.3% at mean galectin-3 levels of 8.8 ng/mL, 19.2 ng/mL and 72.0 ng/ml, respectively. At the time of blood processing, 402 participants' plasma specimens were split, masked, and sent to the laboratory to assess galectin-3 laboratory reliability. The reliability coefficient was r=0.92 and coefficient of variation, (CV)=7.5%. After removing 7 potentially mislabeled "outlier" samples these respective values were r=0.95 and CV=5.7%.
At visit 4, participants reported their race, use of antihypertensive medications within the previous 2 weeks, and smoking status. Blood pressure was measured with the use of a random-zero sphygmomanometer. The average of 2 readings which were taken after the participant had rested for 5 minutes was used. Height and body mass index (BMI) were measured. 19 Diabetes mellitus was defined as fasting glucose ≥126 mg/dL (7.0 mmol/L), nonfasting glucose ≥200 mg/dL (11.1 mmol/L), treatment for diabetes mellitus, or selfreported physician diagnosis of diabetes mellitus. Total cholesterol, estimated glomerular filtration rate (eGFR), N-terminal pro-B-type natriuretic peptide (NT-proBNP), C-reactive protein (CRP), and Troponin T (TnT) were measured from blood samples as described previously. [20] [21] [22] Ascertainment and definitions of prevalent and incident HF and CHD have been described. 19, 23 The rs4644 SNP genotying was performed using the HumanExome BeadChip Array. 24 
Statistical analysis
Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC) and STATA, version 12 (Stata, College Station, TX). Baseline characteristics of participants were described by galectin-3 quartiles. Multivariable Cox proportional hazards models were used to estimate hazard ratios (HRs) for the association between galectin-3 and incident AF. Models included galectin-3 in categories (0% -<25%, 25% -<50%, 50% -<75%, 75% -<90%, 90% -<95%, and 95% -100%) due to no a priori set cut point, and as a natural log transformed variable. Models were adjusted for age (years), race (white, black), sex (female, male), systolic blood pressure (mmHg), blood pressure medications (yes, no), BMI (kg/m 2 ), height (meters), diabetes status (yes, no), total cholesterol (mg/dL), smoking status (current, former, never), eGFR (mL/min per 1.73 m 2 ), rs4644 genotype (CC, AC, AA), ln NTproBNP (ln pg/mL), ln CRP (ln mg/l), and ln TnT (ln ng/L).We verified that the proportional hazards assumption was not violated by testing the interaction of log follow-up time with galectin-3 (p = 0.66). Cubic splines, adjusted for age, sex and race with 5 knots at the 5 th , 27.5 th , 50 th , 72.5 th and 95 th percentiles, were used to characterize the association between galectin-3 and AF incidence. Because the regression analysis and spline graphs showed the association mainly restricted to the highest galectin-3 levels, we ultimately split the highest quartile into 3 categories and compared them to the lowest quartile (referent group). The test for linear trend was derived after assigning the median value of each category of galectin-3 and modeling as a continuous variable. We tested for interactions between age, sex, race, and galectin-3. Only the age by galectin-3 interaction was significant (p=0.03); yet, after dichotomizing age by the median and adjusting for age as a categorical variable, the interaction was modest and no longer significant (p=0.14).
In a secondary analysis, we assessed the association between galectin-3 and incident AF adjusting for interim HF and CHD as time dependent covariates. In another analysis, we assessed for time dependency of the association between galectin-3 and incident AF by categorizing the follow-up time into three time periods (0 -8 years, >8 -13 years, and > 13 years).
We also examined the race-specific associations of the LGALS3 rs4644 genotype (CC, AC, and AA) with AF incidence using Cox models. For each participant, we coded the SNP as having 0 (CC), 1 (AC), or 2 (AA) copies of the minor allele and used an additive genetic model. For the analysis in blacks, we also adjusted for 10 principal components of ancestry.
The Atherosclerosis Risk in Communities (ARIC) study is carried out as a collaborative study supported by the National Heart, Lung, and Blood Institute (NHLBI) contracts (HHSN268201100005C, HHSN268201100006C, HHSN268201100007C, HHSN268201100008C, HHSN268201100009C, HHSN268201100010C, HHSN268201100011C, and HHSN268201100012C). Abbott Diagnostics provided funding for the galectin-3 measurements. Dr. Alonso was supported by American Heart Association grant 16EIA26410001. The authors are solely responsible for the design and conduct of this study, all study analyses, the drafting and editing of the paper and its final contents.
Results
At the ARIC visit 4 baseline, among 8,436 study participants (58.7% women, 21.2% black, and mean age=62.6 years), mean galectin-3 levels were found to be significantly higher in women (15.4 ng/mL) than men (13.5 ng/mL) (p <0.0001) and in black participants (15.6 ng/mL) than whites (14.4 ng/mL) (p <0.0001). Galectin-3 was also associated with all AF risk factors except current smoking status (Table I ).
There was a total of 1,185 incident cases of AF during the follow-up period 1996 -2013 (118,558 person-years). Because our analysis and spline graphs (Figure 1) showed the association restricted to the highest levels, we ultimately split the highest quartile into 3 groups and presented galectin-3 levels in percentiles (Table II) . (See supplementary material for association between galectin-3 quartiles and incident AF.) In model 1, adjusted for age, race and sex, participants with galectin-3 levels ≥ 75 th percentile (≥ 16.7 ng/mL) had a significantly higher risk of incident AF when compared to the lowest quartile (4.4 -11.9 ng/ mL), with HRs (95% confidence intervals) of 1.30 (1.07 -1.57) for the 75 th -<90 th percentile, 1.75 (1.35 -2.26) for the 90 th -<95 th percentile, and 2.35 (1.86 -2.99) for the 95 th -100 th percentile (p for trend <0.0001, Table II ). The galectin-3 association was somewhat attenuated but the trend remained statistically significant after adjusting for other risk factors in model 2, with HRs (95% CI) = 1.37 (1.05 -1.78) for the 90 th -<95 th percentile and 1.67 (1.29 -2.16) for the 95 th -100 th percentile (p for trend = 0.0004). After further adjusting for rs4644 genotype in model 3, the galectin-3 HRs (95% CI) were 1.63 (1.21 -2.20) for the 90 th -<95 th percentile, and 2.02 (1.49 -2.73) for the 95 th -100 th percentile (p for trend <0.0001), and after further adjusting for cardiac biomarkers in model 4, galectin-3 HRs (95% CI) were 1.40 (1.04 -1.89) for the 90 th -<95 th percentile and 1.50 (1.10 -2.05) for the 95 th -100 th percentile (p for trend = 0.004). When expressed as a continuous variable, the HRs (95% CI) for AF per 1 unit increment in ln galectin-3 were 2.01 (1.59 -2.53), 1.33 (1.04 -1.71), 1.70 (1.24 -2.32), and 1.03 (0.77 -1.39) for models 1 -4, respectively (not shown).
In a secondary analysis, a total of 935 incident HF and 644 incident CHD events occurred during follow-up and before the occurrence of AF. After accounting for incident CHD and HF as time dependent variables while adjusting for covariates in model 4, the association between galectin-3 concentration and incident AF was attenuated and no longer statistically significant. The model 4 HR (95% CI) for galectin-3 ≥ 95 th percentile versus the lowest quartile fell from 1.50 (1.10 -2.05) in Table II Table III ).
The association between galectin-3 and incident AF appeared to be strongest during the first 8 years of follow-up. The HRs (95% CI) per 1 unit increment in ln galectin-3 were 2.29 (1.40 -3.74), 0.96 (0.58 -1.61), and 0.99 (0.56 -1.75) for follow-up times of 0 -8 years, > 8 -13 years, and >13 years, when adjusted for variables in model 3.
The frequencies of having 0, 1, or 2 copies of the A allele were 34.6%, 48.3%, and 17.1% in whites and 52.6%, 40.0%, and 7.5% in blacks. The mean galectin-3 concentrations decreased across those with 0, 1, or 2 copies: 16.7 ng/mL, 13.9 ng/mL, and 11.1 ng/mL (p for trend <0.0001) for whites and 17.3 ng/mL, 14.2 ng/mL, and 11.6 ng/mL (p for trend <0.0001) for blacks. The hazard ratios (95% CI) for AF in whites were 0.95 (0.82 -1.09) for the AC genotype, and 1.10 (0.92 -1.31) for the AA genotype compared to the CC genotype when adjusted for participants age and sex (p for trend = 0.46). In blacks, with additional adjustment for the 10 principal components of ancestry, these HRs (95% CI) were 0.88 (0.64 -1.21) and 0.75 (0.40 -1.41) for the AC and AA genotypes respectively (p for trend = 0.28) (supplemental table III).
Discussion
In this large prospective population-based study, we found that high levels of plasma galectin-3 were associated with an increased risk of AF over a median follow-up period of 15.7 years, and that the LGALS3 rs4644 minor allele was associated with lower galectin-3 levels in both whites and blacks but not associated with increased risk of incident AF.
The association between plasma galectin-3 and AF was moderately strong and independent of baseline AF risk factors and several biomarkers associated with AF. However, this association was accounted for by participants with high galectin-3 levels having developed more HF and CHD during follow-up before AF. The observed association may be explained by the role of galectin-3 in myocardial fibrosis. Activated macrophages secrete galectin-3, which leads to the activation and proliferation of fibroblasts, collagen deposition, and subsequent cardiac fibrosis and myocyte dysfunction. 5, 25 This cascade predisposes to AF, which further leads to more macrophage activation and perpetuation of this vicious cycle. 5, 25 Clinical evidence supports a role of galectin-3 in AF. Galectin-3 has been associated with atrial remodeling in AF patients 9 , with AF recurrence in patients who have undergone ablation, 11 with cardiometabolic disease 26 , and with AF prevalence in case-control studies. 9, 27, 28 On the other hand, 2 prior prospective epidemiological studies failed to find an independent association between galectin-3 levels and the incidence of AF. 12, 15 In both studies, higher galectin-3 concentrations were associated with an increased risk of AF in individuals in unadjusted analyses, but not after adjustment for other AF risk factors. Differences among existing studies may be attributed to several factors. We had a larger sample size (n=8,436) than the Framingham Offspring study 15 (n=3306) and the PREVEND study 12 (n=5958). Both previous prospective studies had a younger study population and shorter median follow-up times and therefore fewer incident cases of AF (Framingham Offspring study (n=250), PREVEND (n=225)) than our study (n=1,185). These would have given ARIC greater statistical power to detect an independent association, and the AF association was not linear and only apparent at high galectin-3 concentrations. In addition, prior to our study, no investigation had accounted for interim heart failure and coronary heart disease as possibly mediating a galectin-3 and AF association, a possibility also mentioned by Ho et al in the Framingham Offspring study. 15 The LGALS3 rs4644 minor allele was associated with lower mean levels of galectin-3.
Blacks had a lower frequency of the minor allele than did whites and, correspondingly, a higher mean plasma galectin-3 concentration. However, this SNP has been shown to lie within or near the epitopes of the binding region for the antibody used for our galectin-3 assay. 16 This might affect the affinity of the antibody and therefore, the race-related relationship with galectin-3 levels may be artefactual. Adjustment for this SNP in our models slightly strengthened the association between plasma galectin-3 and AF.
A limitation of our study is that we had a single measure of galectin-3, in contrast with the PREVEND study 12 which had 2 measurements of galectin-3 levels about 4 years apart. A second consideration is that galectin-3 measurements were made on samples stored for years. Although our lab QC and blinded QC data indicate excellent assay performance, we cannot rule out that sample degradation may have affected galectin-3 measurements. However, if sample integrity was a factor we would have expected this to lead to a significant reduction in the power of our analyses, and increase the likelihood of the null finding. Also, galectin-3 concentrations appear to be stable after storage for at least 6 months. 13 Finally, galectin-3 levels may change prior to the AF occurrence, which we could not document with a single measure.
Another limitation to this study may be some misclassification of AF. AF cases were ascertained via hospital discharge codes and during visit 5 follow-up ECG examinations. Since 99% of our incident AF cases were ascertained through hospitalization records containing ICD-9 code 427.31 or 427.32, we unfortunately have no way to distinguish the type of AF presentation. In addition, we likely missed some paroxysmal cases of AF managed in the outpatient setting or other AF cases who had not presented to the hospital or for visit 5 follow-up examinations. However, it has been shown that the incidence rates of AF in the ARIC study are consistent with other population-based studies, and the validity of AF ascertainments using hospitalizations is acceptable. Also, making use of the hospitalization codes may have resulted in some false positives. In a sample of 125 discharge summaries, we were only able to confirm 89% of AF cases in ARIC. 18 In conclusion, high galectin-3 levels are associated with an increased incidence of AF in the general population via pathways seemingly involving CHD and HF. The LGALS3 rs4644 SNP, though associated with mean galectin-3 levels, was not associated with AF incidence in either whites or blacks. Future work in independent cohorts should determine the value of galectin-3 measurements for risk stratification and prediction of new-onset AF beyond established risk factors and biomarkers.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Cubic spline showing association of galectin-3 with atrial fibrillation incidence in ARIC 1996 -2013. High extreme values of galectin-3 (> 40 ng/ml) were excluded (n=18) from the spline analysis to obtain estimates. The median value (14.1ng/ml) was used as reference in a Cox proportional hazards model adjusted for age, sex, and race. The knots were placed at the 5 th , 27.5 th , 50 th , 72.5 th and 95 th percentiles. (14) 89 (14) 86 (15) 78 (18) CRP (mg/L) † 
Table II
Incidence rates (95% CI) and hazard ratios (95% CI) of atrial fibrillation in association with galectin-3 percentiles, ARIC, 1996 -2013. 
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